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Popular scientific summary

* Dietary adenosine 5’-monophosphate supplementation increases the food intake and reduces the
body fat content in mice.

* Adenosine 5’-monophosphate stimulates the thermogenesis in brown adipose tissue and the energy
expenditure.

Abstract

Background: Dietary nucleotides [inclusion adenosine 5’-monophosphate (AMP)] supplementation was
shown to promote the feed intake of sows and increase the AMP content in their milk in our previous work,
but whether AMP shapes the energy expenditure and lipid metabolism in mammals remains unknown. Here,
we aimed to explore the effects and the related mechanism of dietary AMP supplementation on food intake,
body composition, energy expenditure, and lipid metabolism in male mice.

Methods: 4-week-old C57BL/6 mice (After a 1-wk adaptation) were fed with basal diet and basal diet supple-
mented with 0.1% AMP, respectively. Animal food intake and body weight were monitored and after 4 weeks
all animals were sacrificed to measure the body composition, energy expenditure and lipid metabolism changes.
Results: Compared with the control, the 0.1% AMP fed mice showed higher food intake while lower adipose weight.
Intriguingly, dietary AMP supplementation was found to stimulate brown adipose tissue thermogenesis as evi-
denced by the increase in the uncoupling protein-1 level and the core temperature. Moreover, AMP supplementation
was shown to promote white adipose tissue lipolysis as indicated by smaller lipid droplet size in mice. These results
demonstrate that dietary AMP supplementation could enhance oxygen consumption and energy expenditure.
Conclusions: This study highlights the physiological importance of AMP supplementation in mediating food
intake and energy expenditure and suggests its potential as an adjuvant therapy in preventing energy metabolic
disorders (mainly obesity and diabetes).
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ue to the rapid development of social economy
and improper lifestyle and diet, the prevalence of
obesity has been on the rise over the past few de-
cades (1, 2). Obesity is a major public health problem which
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could increase the risk of a series of chronic diseases, such
as diabetes, cardiovascular disease, and tumours (3-5), sug-
gesting the urgency to adopt measures such as dietary ma-
nipulation to prevent obesity and its related diseases.
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Obesity is caused by the imbalance of energy metabo-
lism induced by energy intake and consumption, leading
to excessive accumulation of adipose, weight gain, and
increased body fat rate. According to its functions, the
adipose tissue is usually divided into white adipose tissue
(WAT), brown adipose tissue (BAT) and beige adipose
tissue (6). WAT mainly stores energy in the form of tri-
glycerides, which could be converted into fatty acids and
glycerol through lipolysis and released into the blood to
provide energy for the body (7, 8), while BAT is mainly
involved in thermogenesis [due to the numerous mito-
chondria and abundant uncoupling protein 1 (UCP1) (9)]
to maintain body temperature and energy balance (10).
Meanwhile, the beige or brite adipose tissue is derived
from WAT browning, with a similar morphology and
function to BAT (11, 12). Accumulating evidence indi-
cates that the activation of BAT and WAT browning is a
potential treatment strategy against obesity (13-16).

Adenylate functions in mediating energy metabolism,
and dietary nucleotide supplementation has been reported
to promote the physiological and nutritional functions of
animals and improve food intake and lipid metabolism
(17-21). In our previous work, dietary nucleotides [inclu-
sion adenosine 5’-monophosphate (AMP)] supplementa-
tion were shown to significantly increase the feed intake
of sows and the AMP content in their milk. However,
whether AMP could influence food intake as well as shape
energy expenditure by targeting adipose accumulation re-
mains unknown.

To test this, this study aimed to investigate the effects
and the related mechanism of dietary AMP supplementa-
tion on the food intake and lipid metabolism in male mice.
The results may facilitate the understanding of AMP sup-
plementation in medicating food intake and energy expen-
diture and provide useful information on its potential use
in preventing energy metabolic disorders such as obesity
and diabetes.

Materials and methods

Animals and diets

All procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals
of South China Agricultural University (Guangzhou,
China) and the experiments were approved by the Animal
Ethics Committee of South China Agricultural Univer-
sity (Guangzhou, China).

The 3-week-old C57BL/6J male mice were purchased
from Guangdong Medical Laboratory Animal Center
(Guangzhou, China). After a 1-wk adaptation, the mice
were randomly assigned to two groups (n = 16-17), and
housed in a light and temperature-controlled facility (12-h
light/12-h dark, 22-24°C) with free access to water and
food during the experiment. The control group was fed
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with the basal diet (containing 58% carbohydrate, 18%
protein and 4.5% fat) obtained from Guangdong Medi-
cal Laboratory Animal Center (Guangzhou, China). The
AMP group was fed with the experimental diet prepared
by supplementing the basal diet with 0.1% AMP (Nanjing
Biotogether Co., Ltd. Nanjing, China). The test lasted
4 weeks, and throughout the experiment, the food intake
was measured daily, and body weight was measured twice
a week. After treatment for 3 weeks, the meal pattern, lo-
comotor activity (beam breaks) and energy metabolism
were monitored for 24 h in a home cage by CLAMS (Pro-
methion Metabolic Screening Systems, Sable systems In-
ternational, North Las Vegas, NV). During the last week
of experiments, the body composition was analysed using
a Small Animal Body Composition Analyzer (Meso-
QMR23-060H, Niumag Corporation, Shanghai, China),
the core body temperature (rectal temperature) and BAT
temperature by FLIR Quick Report software (FLIR Re-
searchIR Max 3.4; FLIR), and the core body temperature
(rectal temperature) of mice by a rectal probe connected
to a digital thermometer (BAT-12, Physitemp, Yellow
Spring Instruments). Meanwhile, the blood samples were
collected from the upper jaw at 0 and 2 h after meals, and
through retro-orbital bleeding at 4 h after meals. Hypo-
thalamus was collected, and the weight was measured for
BAT, inguinal white adipose tissues (iWAT), epididymal
white adipose tissue (eWAT), tibialis anterior muscle (TA),
gastrocnemius muscle (GAS), extensor digitorum longus
(EDL), and soleus muscle (SOL). Finally, BAT, iWAT,
eWAT, EDL, SOL, TA, GAS, liver, heart, spleen, lung and
kidney were collected and stored at —80°C for further use.

Animal grouping and AMP administration

The 7-week-old C57BL/6J male mice were purchased
from Guangdong Medical Laboratory Animal Cen-
ter (Guangzhou, China), after a 1-wk adaptation, the
mice were randomly assigned to five groups, followed
by oral gavage administration of 200 uL AMP suspen-
sion which contains 3.6 mg AMP [18 mg AMP in | mL
PBS (Phosphate-buffered saline), to consistent with
the daily AMP intake in AMP group], and collecting
the blood samples by retro-orbital bleeding at 0, 15,
30, 60 and 120 min after AMP administration. Finally,
the contents of AMP and adenosine in the serum were
detected by liquid chromatogram-mass spectrometry
(LC-MYS).

Glucose tolerance test

For glucose tolerance test (GTT), after fast overnight
(20:00 to 08:00) and an intraperitoneal injection of glu-
cose (1 g/kg body weight), the blood glucose concentra-
tion of the mice was measured at various time points (0,
30, 60, 90, and 120 min post injection) by using a Sannuo
glucometer (San Nuo Inc., Changsha, China).
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Biochemical analysis

Triglyceride (TG), glucose and non-esterified fatty acid
(NEFA) in the serum were determined using the com-
mercial kits (A110-1-1, FO06-1-1 and A042-2-1; Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) ac-
cording to the manufacturer’s instructions.

Histologic analysis

The paraffin-embedded BAT and eWAT sections (5-7 um)
were stained with hematoxylin and eosin (H&E), and the
adipocyte size (200-300 cells per sample) was quantified
using a projecting microscope (Olympus CX41, Japan).

Real-time quantitative RI-PCR

Total RNA was isolated from tissues and cells using
TRIzol reagent (Invitrogen, Carlsbad, USA). cDNA syn-
thesis was performed using 1,000 ng RNA as instructed
by the manufacturer for the PrimeScript RT reagent kit
(Takara, Dalian, China). Primers used are listed in Sup-
plementary Table 1. Real-time PCR was performed in du-
plicate on an ABI QuantStudio™ 6 Flex system (Applied
Biosystems, Carlsbad, CA). The relative expression of the
target genes was calculated by the 2-AACt method (22).

Western Blot

The tissues were homogenised in the lysis buffer (RIPA,
BioTeke) containing 1 mmol/L protease inhibitor PMSF
(Phenylmethylsulfonyl fluoride) (P7626, Sigma) and cen-
trifuged at 12,000 g for 15 min. The supernatant was
collected and the protein concentration was measured
using BCA Protein Assay Kit (Beyotime Biotechnology,
Jiangsu, China). Total protein was separated on SDS—
PAGE and blotted onto PVDF (polyvinylidene fluo-
ride) membranes, followed by incubation overnight at
4°C with the following primary antibodies: anti-AgRP
(Abcam, USA, 1:1,000 dilution), anti-UCP1 (Abcam,
USA, 1:5,000 dilution), anti-POMC (CST, USA, 1:1,000
dilution), and anti-p-actin (CST, USA, 1:1,000 dilution).
Finally, the proteins were visualised with the Clarity Max
Western ECL Substrate (Bio-Rad, #1705062S), followed
by quantification of the density of bands using Imagel
software (National Institutes of Health, Bethesda, MD)
and then normalisation to (3-actin levels.

Liquid chromatogram-mass spectrometry

After thawing, samples were fully homogenised by vortex-
ing for 2 min, followed by fully grinding the tissue samples,
adding 100 pL of serum or tissue samples in a 1 mL EP
tube and removing the protein by adding 500 uL of Meth-
anol/acetonitrile (mass spectrometry grade, 1:1). After
vortexing for 2 min, the mixture was centrifuged at 14,500
rpm and 4°C for 15 min, followed by collecting 400 uL of
the supernatant and drying under nitrogen at normal tem-
perature. After drying, 200 uL. of methanol was added to
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reconstitute the analyte, followed by vortexing for 2 min
and centrifugation at 14,500 rpm and 4°C for 15 min. Fi-
nally, the transfer solution was placed in a sample vial
(with a liner) and stored at —80°C for further analysis.

The experiments were performed on a Thermo Fisher
Scientific UPLC system (Dionex UltiMate 3000) coupled
with a mass spectrometer (Q-Exactive Focus). Xcalibur
software (version 3.0) was used for instrument control,
data acquisition and data analysis.

The chromatographic separation was performed on a
C18 Hypersil Gold (100 mm X 2.1 mm, 1.9 um, Thermo
Scientific) column using eluent A (ultrapure water-formic
acid 0.1% v/v) and eluent B (ultrapure acetonitrile-for-
mic acid 0.1% v/v) as mobile phase at a flow rate of
0.2 mL/min. The gradient programme was set as follows:
0-7 min, 5-50% B; 7-8 min, 50-75% B; 8-9 min, 75-80%
B; 9-11 min, 80-90% B; 11-15 min, 90-95% B; 15-20 min,
95-5% B, with the column temperature of 35°C and the
injection volume of 2 pL.

The MS data were acquired using electrospray ionisa-
tion (ESI) in the positive ionisation mode, with the ESI
parameters of spray voltage 3.5 kV (+3.5 kV in ESI+);
sheath gas (N2, >95%), 40 bar; auxiliary gas (N2, >95%),
10 bar; heater temperature, 300°C; capillary temperature,
320°C. Full MS scan ranged from m/z 100 to 1,500 at the
resolution of 35,000, and the in-source collision induced
dissociation (in-source CID) was set at 0 eV. MS/MS spec-
tra were obtained in data-dependent MS2 (dd-MS2) mode
at a resolution of 17,000 with high collision-induced dis-
sociation (HCD) set as stepped mode (10, 30, and 50 eV).

Statistical analysis

Data are presented as means £ SEM; statistical analyses
were performed using SPSS software version 24.0 (SPSS
Inc.). The differences between the two groups were ana-
lysed by the Student’s ¢-test. The blood kinetic curve of
AMP and adenosine were analysed using the one-way
analysis of variance (ANOVA) followed by Dunnett’s
multiple comparisons test. Differences between groups
were considered statistically significant at *P < 0.05,
**P < 0.01, ***P < 0.001, and a trend was considered at
0.05< P<0.10.

Results

Dietary AMP supplementation increases the food intake of mice
In this study, we first used the LC-MS method to di-
rectly determine the blood kinetic curve of AMP in mice
receiving oral gavage of AMP, and found that the con-
tent of AMP and adenosine (Which could be converted
into AMP (23, 24)) in the serum gradually reached the
maximum within 60 min and even could be maintained
at 120 min (Supplementary Fig. 1a, b). These findings in-
dicated that AMP could be absorbed into blood and may
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play a crucial role in modulating the physiological process
in the host.

Subsequently, we investigated the effects of dietary
AMP supplementation on the food intake of mice
(Fig. 1). The results showed that the cumulative food
intake of mice was significantly higher (P < 0.01) in
the AMP group than in the control group (Fig. la),
but with no difference (P > 0.05) in the body weight
(Fig. 1b). Thus, we further explored the meal pattern
of mice.

Here, we found that despite a similar meal size, meal
duration, and meal number (total, diurnal, and noctur-
nal) (P > 0.05) in the two groups (Fig. lc—e), the AMP
group showed a downward trend in nocturnal inter-meal
interval (P = 0.08) (Fig. 1f) and an upward trend in noc-
turnal food intake (P = 0.05) (Fig. 1g). Moreover, we
also observed that dietary AMP supplementation could
increase the level of the orexin-stimulating protein AgRP

in hypothalamus (Fig. 2a), but with little effect on the
level of the orexin-inhibiting protein POMC (Pro-opi-
omelanocortin) (Fig. 2b). The aforementioned find-
ings suggest that dietary AMP supplementation could
promote the food intake of mice mainly by enhancing
appetite.

Dietary AMP supplementation affects the concentration of
nutritional substrates in the serum of mice

After considering the fact that AMP treatment could
highly increase the food intake of mice, we next
investigated whether AMP could alter the nutri-
tional substrates in the serum of mice. Interestingly,
AMP treatment showed little effect on the results of
the area-under-the-curve (AUC) analysis of GTT
in the two groups (Fig. 3a). However, compared
with the control, the AMP group showed a decrease
in the serum concentrations of glucose at both 2 h
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Fig. 1. Food intake and meal pattern parameter of mice. (a) Cumulative food intake, (b) Body weight, (n = 16-17 in the
1-2 weeks, and n = 8-9 in the 3-4 weeks. Half of mice (n = 8-9) were assigned to finish the meal pattern detection). (c) Meal
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(P = 0.06) and 4 h (P < 0.05) (Fig. 3b), in contrast
to an increase in the level of NEFA (P = 0.08) and
TG (P < 0.05) (Fig. 3c—d). These observations indi-
cate that dietary AMP supplementation may increase
the concentration of NEFA and TG and decrease
the concentration of glucose in the postprandial serum
of mice.
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Dietary AMP supplementation shapes the body

composition of mice

Given that dietary AMP supplementation increased
food intake without affecting body weight, we subse-
quently investigated the effects of dietary AMP sup-
plementation on the body composition of mice (Fig.
4a—c). In terms of body mass, we found that AMP
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highly increased the percentage of lean mass while
reducing the percentage of fat mass (Fig. 4d). How-
ever, the two groups showed no significant difference
in organ index (including heart, liver, spleen, lung, and
kidney) (Fig. 4e) and skeletal muscle weight (including
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TA, EDL, SOL, and GAS) (Fig. 4f). It is worth noting
that AMP supplementation could significantly lower
the relative weight of adipose tissue (chiefly BAT and
eWAT) (Fig. 4g). These results indicate that dietary
AMP supplementation could induce body composition
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remodeling by decreasing fat mass and increasing lean
mass in mice.

Dietary AMP supplementation promotes the energy expenditure

of mice

As the decreased body fat rate may result from enhanced
energy metabolism and thermogenesis, we explored
whether AMP supplementation promoted energy me-
tabolism and thermogenesis. In Fig. 5, the AMP group
was shown to have significantly (P < 0.05) higher energy
expenditure than the control (Fig. Sa—c). Meanwhile, the
AMP group showed an increase (P < 0.05) in oxygen con-
sumption and carbon dioxide production throughout the
day (Fig. 5d, e). Collectively, dietary AMP supplementa-
tion could promote energy and lipid metabolism in mice.

Dietary AMP supplementation enhances the thermogenesis and
lipid metabolism of BAT in mice

More importantly, AMP supplementation was shown to
reduce the size of lipid droplets in BAT and the mean ad-
ipocyte area of eWAT (Fig. 6a—c). Additionally, the AMP
group was also significantly higher than the control group
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in rectal body temperature and BAT temperature (Fig.
6d-f). The increased adipose consumption is usually re-
lated to the enhanced BAT thermogenesis. Thus, we inves-
tigated the expression of key genes for lipid metabolism
in BAT. Notably, the AMP group was significantly higher
(P < 0.05) than the control in the relative protein level of
UCPI in BAT (Fig. 6g, h) and the relative mRNA level
of lipid metabolism genes (UCPI, CPT-18, PPARa, LPL,
and ATGL) (Fig. 6i). These results suggest that AMP
supplementation could increase the activation of BAT in
mice.

Discussion

Despite extensive research about the effects of AMP
supplementation on the food intake in aquaculture
(18, 25, 26), there are few reports regarding the use
of AMP as an additive in mammal diets (27-30).
Furthermore, to our knowledge, the effect of AMP
diet on mammal food intake and energy metabolism
has not been reported yet. In our previous study, we
found that supplementation of 1 g/kg nucleotides in
the diet can significantly increase the feed intake in
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Fig 5. Energy expenditure of mice. Minimum energy expenditure (a), maximum energy expenditure (b), average energy expen-
diture (c) of mice, (d—f) carbon dioxide production (d), oxygen consumption (e), and respiratory quotient (f) of mice (n = 6-8).
Data are mean £ SEM. Statistical analyses were performed using two-tailed Student’s z-test. *P < 0.05 versus control. AMP,
adenosine 5’-monophosphate; EE, energy expenditure; VCO,, carbon dioxide production; VO,, oxygen consumption; RQ, respi-
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Fig. 6. Thermogenesis of mice. (a, b) The representative image of BAT (a) and eWAT (b), (c) The mean adipocyte area of eWAT.
Scale bar: 100 um (a, b) and 50 um (a, b) in reprehensive picture, (d) The core body temperature (rectal temperature) of mice,
(e, f) the dorsal view (e) of mice by IR thermography, and the BAT temperature (f) of mice, (g, h) the relative protein expres-
sion of UCP1 in BAT, (n = 11-13), and (i) Relative mRNA expression of lipid metabolism genes in BAT, (n = 9-10). Data are
mean + SEM. Statistical analyses were performed using two-tailed Student’s z-test. *P < 0.05, **P < 0.01, ***P < 0.001 versus
control. AMP, adenosine 5’-monophosphate; BAT, brown adipose tissue; eWAT, epididymal white adipose tissue; H&E, hema-
toxylin and eosin staining.
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sows (31, 32). Later, we analysed the diet composition
under the supplementation of nucleotides, and inter-
estingly, we found a significant increase of AMP con-
tent in the diet and the milk of the nucleotide group
versus the control group (31, 32). In the current study,
dietary AMP supplementation was shown to increase
the food intake by promoting the expression of AgRP
and shortening the feeding interval, which is consistent
with a previous study in aquatic (18), which reported
that dietary 0.1% AMP supplementation contributed
to the food intake of red sea bream (18). This can be
attributed to the reason that the adenosine in food
AMP can be absorbed into the body and reduce the
concentration of glucose after meal (33, 34). Studies
have also shown that high levels of glucose after a meal
reduce the AMP/ATP ratio in rats (35), or also reduce
the level of AgRP in isolated hypothalamic cultures
(36). This view was well supported by the protein ex-
pression of AgRP in the present study. In summary,
dietary AMP supplementation has a promoting effect
on feeding, which we speculate may be related to the
AMP ingestion induced decrease in blood glucose in
the body (34), leading to an increase in the AMP/ATP
ratio (35), promoting the protein expression of AgRP
by activation of protein kinase activated by adenosine
monophosphate (AMPK) (36), and finally an increase
in the food intake in mice.

AMP is known as a purine nucleotide and participant
in ATP metabolism. Studies have proved that AMP can
be absorbed into the circulatory system and participate
in metabolism (33, 37). Here, we also found that AMP
can be absorbed into the blood from the serum kinetic
curve, which is consistent with the previous studies
(33). A possible explanation for this phenomenon is
that AMP is absorbed into the blood and enriched in
the adipose tissue to play a subsequent regulatory role.
The mice in the 0.1% AMP group were noted to dis-
play higher food intake but constant body weight gain
compared to the control group. Energy expenditure was
reported to be closely related to the spontaneous physi-
cal activity and basal metabolic of animals (10). To ex-
plore the direct effect of dietary AMP supplementation
on the body weight gain, we tested the body composi-
tion and energy expenditure of the mice. Surprisingly,
we found that AMP treatment decreased fat mass in-
cluding BAT and eWAT, and increased the lean mass.
Meanwhile, AMP treatment also significantly increased
the energy metabolism of mice, especially the basic en-
ergy expenditure.

Both WAT and BAT make up the adipose organ and
regulated the energy balance of the body, with WAT as
the primary site of energy storage, and BAT to facilitate
adaptive thermogenesis and increase metabolic rate (38,
39). We suspect that the increased energy expenditure
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caused by AMP is related to the thermogenesis of BAT
and lipolysis of WAT. Thus we explored the adipocytes
and thermogenesis in mice, and found that AMP could
reduce the size of lipid droplets in BAT and the mean
adipocyte area of eWAT, increase the temperature of
BAT and rectum, and promote thermogenesis and lip-
olysis of BAT. All these observations imply that AMP
reduces adipose by increasing body energy consump-
tion and adipose heat production while promoting food
intake. To prove the relation between adipose reduction
and BAT activity, we tested the expression of ther-
mogenesis and lipolysis genes in BAT, and found that
adipose reduction co-occurred with the up-regulation
of thermogenesis and lipolysis genes in BAT. Previous
studies have also shown that AMP analogs and BAT
activation reduce the volume of adipocytes (40, 41),
and the expression of UCPI1, PPARa, CPT-1B in BAT
is closely related to BAT activation (42-46). On the
other hand, the expression of ATGL and LPL also par-
ticipated in the lipolysis and thermogenesis regulated
by BAT (47-50). This conclusion was well supported
by our results.

In conclusion, dietary AMP supplementation in-
creases the food intake and reduces the body fat con-
tent of mice without affecting body weight and organs
index. In addition, AMP reduces adipose content and
increases lean meat content by promoting BAT activa-
tion and thermogenesis without affecting body weight.
These results contribute to a better understanding of
the role of dietary AMP supplementation in promot-
ing food intake and lipid metabolism, and suggest that
AMP supplementation may be a potential strategy to
treat obesity by lowering adipose without affecting
body weight and health, which provides inspiration for
obesity treatment.
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